The International Food Policy Research Institute (IFPRI), established in 1975, provides evidence-based policy solutions to sustainably end hunger and malnutrition and reduce poverty. The Institute conducts research, communicates results, optimizes partnerships, and builds capacity to ensure sustainable food production, promote healthy food systems, improve markets and trade, transform agriculture, build resilience, and strengthen institutions and governance. Gender is considered in all of the Institute's work. IFPRI collaborates with partners around the world, including development implementers, public institutions, the private sector, and farmers' organizations, to ensure that local, national, regional, and global food policies are based on evidence. IFPRI is a member of the CGIAR Consortium.
INTRODUCTION
Ghana, like most countries in Africa south of the Sahara (SSA), is faced with the challenge of finding a winning strategy for addressing stubbornly low agricultural productivity. The country has recently witnessed an increase in agricultural output, but this growth has not been due to increased crop productivity but rather to area expansion (Breisinger et al. 2008) . However, raising agricultural productivity has been shown to provide the impetus for agricultural transformation that can result in sustainable poverty reduction and improved living standards for the poor (Timmer 1998; World Bank 2007) . Fertilizer is at the center of the country's strategy to raise agricultural productivity.
In 2008 the government of Ghana reintroduced a subsidy program to lower the cost of fertilizer for smallholder farmers and stimulate an increase in fertilizer use on staple crops to raise yields and overall food production. In addition, the government, through the Ministry of Food and Agriculture (MoFA), established a National Food Buffer Stock Company (NAFCO), which is mandated to buy from farmers at prices based on the cost of production. Government expenditure devoted to the fertilizer subsidy program has more than tripled, from US$10 million 1 in 2008 to $35 million in 2011 (Benin et al. 2011) , with an announced subsidy cost of $60 million in 2012 (Ghana, MoFA 2012) . This trend is likely to continue, as the fertilizer subsidy program has become the preferred policy of the government in trying to stimulate increased fertilizer use and raise crop productivity to deal with the country's declining cereal production, food price hikes, and high rural poverty rates.
From these strategies, it is clear that the government is trying to address two of the factors (cost of fertilizer and output price) that affect the profitability of fertilizer use on major staples, particularly maize and rice. However, the most elusive factor is the yield response to fertilizer use, which is a function of many variables, including other complementary inputs such as seed variety, herbicide and pesticide use, farm management, land quality, and unpredictable weather conditions and their interactions. The low fertilizer use and use intensity could be the reason yields have remained low, but this remains to be an empirical question. While there is evidence that the subsidy program may have encouraged greater adoption of fertilizer, at least for maize and rice farmers (see Ragasa, et al. 2013a Ragasa, et al. , 2013b , the research and policy question of whether fertilizer contributes to increased productivity remains, and it is unclear whether the subsidy has changed the economics of fertilizer use.
Several experiments and trials conducted at research stations or on-farm demonstrations show an increase in yield of 15 to 30 kilograms (kg) for 1 kg of fertilizer/ha in a controlled environment or under ideal agronomic practices (see annual reports of the Crops Research Institute [CRI 1999 [CRI -2010 ). However, there are no available studies at the farmer field level, with their varying soil quality conditions and different management practices, evaluating whether fertilizer use and different use intensity levels actually have an impact on yield and farm profits in Ghana. This study aims to fill this gap and demonstrate how carefully designed cross-sectional surveys can be used to generate empirical evidence that can help inform the policy debate on technology adoption and agricultural productivity.
The remainder of the paper is organized as follows. Section 2 gives a brief background on fertilizer policy and agricultural productivity in Ghana. The conceptual framework, empirical model, and data are discussed in Section 3. We present the results in Section 4, starting with a discussion of the descriptive analysis result, followed by a discussion on yield response to fertilizer use intensity and profitability of fertilizer use. Section 4 also presents a discussion on the determinants of fertilizer use, modern seed variety adoption, and use of newly purchased certified seed. Section 5 concludes with the implications of the results for policies aimed at raising agricultural productivity in Ghana and issues for further research.
FERTILIZER POLICY, VARIETAL RESEARCH, AND AGRICULTURAL PRODUCTIVITY
Ghana has just earned its middle-income status and continues to be widely regarded as an African success story due to its impressive achievements in accelerating growth and reducing poverty and hunger in line with the Millennium Development Goals. Strong agricultural output growth (4.6 percent annually from 1991 to 2009 [Fuglie 2012 ]) has played an important role in this development. However, much of this growth has been achieved through the expansion of cultivated area. Total factor productivity growth has averaged only 1.2 percent annually during the period 2001-2009, which is higher than the African average of 0.5 percent but well below the global average of 1.8 percent (Fuglie 2012) . Major technological challenges and yield gaps persist in Ghana. For staple crops such as maize and rice, yields are generally less than half of economically attainable yields (Ghana, MoFA 2011) . For example, national average yields are 1.7 tons 2 /ha and 2.5 tons/ha for maize and rice, respectively (Ghana, MoFA, 2009 ; however, data from various on-station and on-farm trials suggest that yield averages of 4 to 6 tons/ha for maize and 6 to 8 tons/ha for paddy rice are achievable (Ragasa et al. 2013a (Ragasa et al. , 2013b .
Increasing agricultural productivity in Ghana is critical given high rates of population growth and the resulting increasing demand for food, but productivity growth is continuously challenged by pressures on agricultural resources, including land (Morgan 1996; World Bank 2006) and labor (Nin-Pratt et al. 2011) . A number of biophysical constraints, most importantly the quality of agricultural lands, low and erratic rainfall patterns, and high soil erosion rates (Pearce, Barbier, and Markandya 1988) , are important constraints. Diao and Sarpong (2007) estimated that soil loss through erosion would reduce agricultural income in Ghana by a total of $4.2 billion and cause a 5.4 percentage point increase in the poverty rate over the period [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . The old farming system, in which farmers slash and burn a piece of land, grow food crops in polyculture for one to three years, and then leave it fallow is disappearing and in many areas being replaced by continuous cropping due to increasing population pressure. This puts great pressure on soil quality and limits the recovery of carbon and nutrient stocks in the soil (Nye and Greenland 1960; Szott and Palm 1986) .
For maize, several productivity-enhancing technologies have been developed and are being promoted in Ghana. For example, the Ghana Grains Development Project (GGDP), which ended in 1997, was the last large long-term program focusing on the maize sector. The GGDP involved developing and disseminating several varieties of maize, evaluating various agronomic practices, producing production guides, and making a heavy investment in the extension and dissemination of improved technologies. Three of the major technologies promoted were improved varieties, in particular a quality protein maize called Obatanpa; fertilizer use; and plant configuration (including row planting, optimal seeding density or rate, and plant spacing) (see Morris et al. 1998) . 3 At the same time, several farm demonstrations were conducted to test and promote modern varieties under the Sasakawa Global 2000 program. One of the focus technology packages tested and promoted under Sasakawa Global 2000 was the zero-tillage package, involving no plowing, the use of herbicide in land preparation, and planting in mulch. In the 1990s, the Crops Research Institute and Sasakawa Global 2000 collaborated with Monsanto, which conducted various testing and farm demonstrations on this zero-tillage technology. Aimed at continuing what the GGDP started, the Food Crops Development Project (FCDP) was implemented in eight districts in various regions that funded field trials, production manuals, extension, input provision, and processing. Several smaller projects have been implemented focusing mainly on seed multiplication for maize and other crops; however, there has not been a major program or project aimed at supporting the maize sector since the GGDP.
To date, technology promotion by the MoFA agricultural extension system has been heavily focused on the promotion of modern seed varieties (which is still predominantly Obatanpa, with pockets of farm demonstrations and promotion of publicly developed and released hybrids) and fertilizer use.
Modern Varieties
Twenty-seven improved varieties of maize have been released since the 1960s. Varietal improvement and testing performed by CRI and the Savannah Agricultural Research Institute (SARI) focus on high yield, protein content (that is, quality protein maize ), tolerance to pests and disease (mainly blight, rust, streak, and stem borers), Striga resistance, kernel type, lodging resistance, and early maturity. The most popular variety is Obatanpa, which is a medium-maturing open-pollinated QPM variety released in 1992. Obatanpa accounted for about 96 percent of certified seed production from 2001 to 2011-about 2,500 tons in 2011 (3,466 tons average in 2009 through 2011) and accounted for 46 percent of area planted by farmers participating in the 2012-2013 CRI/SARI/IFPRI survey (Ragasa et al. 2013a ). In 1997, hybrid maize varieties (Mamaba, Cida-ba, and Dada-ba) from the public research institutes were released for the first time. Another hybrid variety (a drought-tolerant hybrid called Etubi) was released in 2007, another (Enibi) in 2010, and five in 2012. Since the privatization of the seed sector, private companies have also begun promoting hybrid maize varieties in Ghana. Wienco has been promoting Pannar varieties. In 2012, eight private seed companies signed a memorandum of understanding with CRI for the production of foundation and certified hybrid seeds. Under this arrangement, CRI will provide breeder seeds, training, and supervision to the seed companies. However, recent surveys reveal that only 2 percent of farmers, representing 2 percent of area cultivated, are using hybrid maize varieties (Ragasa et al. 2013a ).
Fertilizer Use and Use Intensity
Fertilizer has been used in Ghana for decades and has been another central strategy in increasing productivity and promoting agricultural intensification in the country. During the 1960s and 1970s, Ghana, like many other countries in Africa, implemented fertilizer subsidies for farmers through parastatals. Structural Adjustment Programs promoted liberalization and privatization, including in the fertilizer sector. These programs also led to the phasing out of most fertilizer subsidy programs. Since the liberalization reforms in the fertilizer sector in 1991, there had been no large-scale government intervention in the fertilizer sector in Ghana until 2008 . The decision to implement a subsidy program in 2008 was justified as a temporary response to the unusual confluence of events in that year that led to simultaneous spikes in food, energy, and fertilizer prices (Banful 2011) . Although the subsidy program was initially launched as temporary in 2008, it has since been expanded. It was reinstituted in 2009 and continues to the present. From 2008 to 2011, the fertilizer subsidy program was estimated to cost the government 164 million cedi (approximately $82 million) over four years (Ghana, MoFA 2012) . In June 2012, the government announced that the subsidy would be expanded to cover seeds in addition to fertilizer; the provision was to subsidize 176,000 tons of inorganic fertilizer (120.3 million cedi, or $60 million) and 151,000 tons of certified seed (4.8 million cedi, or $2.4 million) at a total cost of 124.1 million cedi ($66.4 million) for the 2012 crop season (Ghana, MoFA 2012) . Similar announcements were made in April 2013 (see VibeGhana 2013), so the likelihood that the fertilizer and seed subsidy program will continue in Ghana is high-and hence the need for rigorous empirical evidence on the impact of this program to guide its implementation.
Fertilizer Use and Maize Productivity Compared to Countries with Similar Rainfed Maize Systems
A comparison of Ghana's maize productivity to that of Thailand and Mexico, countries with similar rainfed maize systems, shows that Ghana lags behind in terms of maize yield. Ghana averages 1.21 tons of maize yield /ha per season, while Thailand averages 3.4 to 4.1 tons/ha and Mexico averages 2.2 tons/ha in rainfed maize production systems (Ekasingh et al. 2004; Luanmanee and Paisancharoen 2011; Bellon and Helin 2011; Hibon et al. 1992) . Although all three countries have four decades of history of fertilizer subsidy programs, Ghana has continued to lag behind the other two countries in fertilizer adoption and productivity. For example, almost all maize farmers in Thailand and Chiapas, Mexico, apply fertilizer, while in Ghana, less than half of maize farmers apply fertilizer, although in the north there is high adoption (87 percent of farmers). However, in terms of intensity of use, the fertilizer application rate in Ghana is quite similar to that in Thailand. And in the northern part of Ghana, application is much higher than that in Thailand.
What seems to be the major difference in input use and practices that could explain the far lower yield in Ghana compared to Thailand and Mexico is the adoption of modern seed varieties, especially hybrid seeds. Almost all farmers in Thailand and Mexico use hybrid seed (Ekasingh et al. 2004; Bellon and Helin 2011) , and almost none do in Ghana. Out of the 610 sample maize farmers interviewed, only 13 farmers reported using hybrid seed, and their yield was twice as high as the yield on plots with modern open-pollinated varieties (OPVs), on average. Thailand and Mexico have heavily promoted both hybrid seed and fertilizer use, which initially came with government subsidies, and the programs have been credited with increased hybrid maize use in those countries. So Ghana may draw lessons from these two countries on how to boost grain productivity without burdening the treasury.
DATA AND METHODS

Theoretical Framework
Using the profit maximization theory, we assume that a household i chooses the type and quantity of seed and the amount of fertilizer and other inputs to use in order to maximize profits from crop production from a plot j. 4 The expected profit maximization of the type and amount of seed, fertilizer use, and other inputs can be stated as yield revenue, fertilizer costs, and other input costs as follows:
where refers to profit, E is the expectation; is the price of the output; , and are prices for fertilizers (F), seed (S) and other variable inputs (V), respectively; is the yield in plot j for household i; and FC refers to all other costs, which are treated as fixed. To simplify the notation we drop i and j in the other equations. The yield function is based on the standard economic production function, where production per unit area (Y) is a function of the inputs (F, S and V), a vector of other farmer controlled variables (X) such as land management practices, and exogenous variables (Z) that are beyond the farmer's control such as rainfall and inherent soil type.
Assuming the household has M as total financial resources to spend on inputs F, S and V, then the budget constraints for the yield function are given by:
Equations (1)- (3) can be solved to give the input demand functions as follows:
and
First-order conditions for the profit maximization imply that, with perfect markets, the solution of demand functions for the inputs in Equations (4), (5) and (6) results in the farmer equating the marginal product of each of the variable inputs to its market price, independent of household or farmer characteristics; thus,
Empirical Model
Maize Yield Response
To examine maize yield response to fertilizer in Ghana, we estimated a production function of the form ,
where Y is the quantity of the crop produced per unit area; V is the vector of inputs, including land, seed, fertilizer, labor, and water used by the farmer on a particular plot; X is a vector of farmer characteristics and management practices; and Z is the vector of household-and location-level characteristics. For the quantity of fertilizer used, we used a quadratic functional form to estimate the yield model represented in Equation (10) (see Equation [11] ). Despite some criticism regarding the quadratic or higher-order polynomial functional form (see Grimm, Paris, and Williams 1987) , we adopt this functional form because it permits zero inputs and concavity in the yield response curves, a process that is more consistent with most biological relationships (see Xu et al. 2009; Burke 2012; Traxler and Byerlee 1993; Kouka, Jolly, and Henau 1995) . 5 We estimate the following model:
where Y is the measure of productivity, which in our case is kilograms of maize produced per hectare; 6 F represents the fertilizer nutrients; S represents the seed variables (modern seed, certified and uncertified seed, and seed rate); L is a vector of land quality variables; and R represents variables to capture water availability. These variables are discussed in greater detail below.
F is the quantity of nitrogen from the fertilizer used, which we derive from the chemical composition of the fertilizers available on the market, converted into their equivalent chemical components. In Ghana, the MoFA extension department recommends that farmers growing maize should at the minimum use two 50-kilogram bags of NPK (nitrogen-phosphorous-potassium) 15:15:15 at planting or few days after planting and two bags of sulfate of ammonia for maize four to six weeks after planting, per acre.
7 This is equivalent to 240 kilograms of NPK and 240 kilograms of sulfate of ammonia per hectare. NPK 15:15:15 is a fertilizer that has equal proportions of nitrogen, phosphorus, and potassium (15 percent for each nutrient), while sulfate of ammonia has 21 percent nitrogen and 24 percent sulfur.
8 According to the Food and Agriculture Organization of the United Nations (FAO 2005), 5 We relied on past studies to choose the most appropriate functional form. Griffin et al. (1987) provide some guidance of what to consider when choosing the function form, while Burke (2012) discusses the pros and cons of some of the popular functional forms used in the literature. He argues that some functional forms, for example, the von Liebig models, linear and plateau, von Liebig quadratic and plateau response models, are better suited for experimental field data than farmer survey data (see Berck and Helfand 1990) . The main disadvantage of these models is that they assume that the limiting factor is known or, if not known, that it would be the same for all observations. This assumption is less likely to hold for survey data because of the heterogeneity among farmers' fields (Berck and Helfand 1990; Berck, Stohs, and Geoghegan 2000) . 6 A common measure of productivity used in the literature is the value of yield per hectare of various crops (see Owens, Hoddinott, and Kinsey 2003; Benin 2006; Peterman, et al. 2011; Ragasa et al. 2013 ) to capture intercropped systems. Intercropped maize plots have artificially low maize yield compared to monocropped maize plots, which is why the value of production of all crops planted in the plot is often used. However, this method captures variations in both output prices (often at the district level or regional level) and yield. It is not able to isolate the changes in yield and includes village-level or regionallevel factors depending on the aggregation of the output price used. In this paper, we separate intercropped from monocropped plots in comparing and describing the differences in productivity. In the yield response models, we control for intercropping using a dummy variable and seeding rate during planting. By using these control variables, we are able to isolate the variations in yield for maize, which is the interest of this paper, while at the same time addressing the possible artificially low productivity for intercropped plots. 7 The recommended application rate is for plots that have been continuously cultivated for at least five years. NPK 20-20-0 can also be used as starter fertilizer (with the same intensity as NPK 15-15-15) and urea as side dressing (half the intensity of sulfate of ammonia). 8 Higher intensity of nitrogen is needed for faster plant growth, while sulfur is recommended to increase organic matter in the soil, especially in the absence of green and animal manure, as well as to aid in micronutrient uptake and efficiency from the starter fertilizer. potassium is not limiting in Ghana, but nitrogen and phosphorus are, so our focus would be on these two nutrients. Since the nutrients are applied as fertilizer mixtures, there is high collinearity ( ) between nitrogen and phosphorus, so we dropped phosphorus and assumed that nitrogen was a proxy for overall fertilizer use.
S represents seed variables, the seed type and the rate of application per acre. We defined two seed-related classifications used in the yield response: (1) modern versus traditional varieties and (2) certified new seeds (of modern varieties) and recycled or uncertified seeds (of modern varieties) versus seeds of traditional varieties. The main difference between the first and second classifications is the breakdown of modern varieties in the second one into certified and uncertified seeds of modern varieties. This will suggest whether the yield response (or lack thereof) can be attributable to the functioning of the seed certification system or varietal research. Also, we control for the seeding rate, or quantity of seed planted in a plot. The seed type is very important because seed variety and/or seed from certified sources can lead to a great difference in plot yields as well as increase or decrease the consumption of other inputs-hence the approach to interact all the growth inputs with the fertilizer nutrients (see Matsumoto and Yamano 2010) .
L represents land quality variables. Marenya and Barrett (2009a 2000b) and Matsumoto and Yamano (2010) demonstrated that the profitability of adoption of improved technology can differ significantly by soil quality, even for plots with roughly similar agroecological conditions. Unfortunately, we do not possess plot-level data to adequately account for the difference in land quality. Instead, we proxy the land quality by using a soil quality variable captured from farmers' perceptions of the soil fertility of their plot before fertilization. The question asked farmers was: "Before you had applied inorganic or organic fertilizer, kindly rate the inherent soil fertility of this plot [on a scale from 1 (not fertile) to 5 (very fertile)]." Given that farmers have unique knowledge, experience, and experimentation on their plots, their perception or rating of soil fertility can be a good indicator of soil quality. Also, we included a dummy variable for whether the farmer applied organic manure (green or animal manure) as a proxy for organic matter content. Moreover, we used the fallow system or cultivation history at the plot level as another indicator of soil quality. In addition, we considered the inclusion of two community-level general soil characteristics that have been collected by the Soil Research Institute in Ghana: average soil pH and soil type. Soil pH is important; it has been shown to limit the availability of phosphorous (Burke 2012) and is likely to be a problem in high-rainfall areas. However, there was little variation in the average pH-level data received from the Council for Scientific and Industrial Research (CSIR) Soil Research Institute for the communities in the sample, so we dropped the variable.
R represents rainfall recorded from the closest meteorological station in the surveyed communities. We used this data to compute three rainfall variables to capture water availability during the crop growing season. In particular, we computed the average rainfall received during the crop growing season (June through August) and the rainfall variance during that period. In rainfed agricultural systems such as in Ghana, farmers determine the level of input use according to the variability of the level of rainfall and drought risk, so we computed a "rainfall stress" variable, which we defined as the number of periods with less than 20 millimeters of total rainfall during the crop growing season. To control for regional differences, we initially included three agroecological dummy variables, with the forest zone as the reference. In the models estimated, agroecological zones in the south (forest, transition, and coastal zones) did not differ in the adoption models or yield response model; therefore, we grouped them as "south," and used only one dummy for location (that is, north).
The vector of X included factors recommended in the economic production literature as those that affect crop production levels. We group these factors into farmer and household characteristics (age, gender, years of schooling of the farmer and marital status of the farmer, total land controlled by the household, household commercialization index (HCI) and ratio of hired labor to total labor days used on the maize plot) and farm management practices (such as tillage method, crop rotation, intercropping, and row planting). Table 3 .1 summarizes the descriptive statistics of the variables used in this study. Source: CRI/SARI/IFPRI survey (November 2012 -February 2013 . Notes: CV = coefficient of variation; kg/ha = kilogram per hectare; mm = millimeters; FBO = farmer-based organization; km = kilometer; GHc = Ghana cedi * Binary variables. HCI is defined as the households' crop commercialization index, computed as the ratio of the value of total crop sales divided by the value of crop production.
Profitability of Fertilizer Use
Since we do not have data to compute gross margins, we assess the profitability of fertilizer in two ways: (1) via the estimation of value cost ratios (VCRs) and (2) via plotting the value of marginal physical product (VMPP) and fertilizer prices and fertilizer use to determine how close the actual use intensity is to this optimal rate. The point at which VMPP and fertilizer price (P F ) intersects (VMPP = P F ) gives us the optimal fertilizer use for the farmers to maximize profit. A similar approach is used in computing the VCR, multiplying the marginal products of fertilizer from the yield response model by the output/input price ratio, as follows:
, (12) where P F is the fertilizer price and P Y is the price of maize and MPP is the marginal physical product of fertilizer obtained from Equations (11). A VCR of greater than 1 indicates that risk-neutral farmers' income would go up with an increase in the rate of fertilizer application. So a risk-neutral farmer would choose to use fertilizer or apply more fertilizer if the VCR is equal to or greater than 1. Nevertheless, this assumption is not realistic in a country such as Ghana, where most farmers are thought to be risk averse due to the risks associated with rainfed agricultural systems. We adopt a VCR equal to or greater than 1.25 to reflect the added risk premium that is intended to accommodate the risks and uncertainty faced by the farmers as well as to adjust for unobservable costs associated with fertilizer use. Moreover, we also compared the results and implications using a more restrictive criterion, VCR equal to or greater than 2, as recommended by Crawford and Kelly (2002) .
Determinants of Adoption of Fertilizer, Modern Seed, and Certified Seed Use
In addition to fertilizer use and use intensity models estimated by Cragg's double-hurdle model, we also valuate the farmer's decision making process concerning the adoption of modern and certified seed. The decision to use a particular technology is usually modeled as a binary decision via probit or logit; thus, a farmer uses or does not use technology (T). However, because farmers are more likely to make input use decisions jointly, we use the multivariate probit model, which allows us to jointly estimate several correlated binary outcomes. In our case, we believe that the decisions to use fertilizer and improved seed are correlated, so a multivariate probit model would be appropriate for jointly predicting these choices. The estimated multivariate probit models are defined as follows:
and 0 otherwise (13) and 0 otherwise and (14) and 0 otherwise,
where T 1 is fertilizer use, T 2 denotes modern seed variety, and T 3 is the use of newly purchased certified seed and the betas (βs) are to be estimated via the trivariate probit model. X is a vector of variables that are hypothesized to influence the farmer's decision to use technology (T). In X, we include a set of variables to capture the personal attributes of the farmer (sex, age, level of education, and marital status); farming systems and resource characteristics (size of plot cultivated, crop management practices, household/farmer endowments, and household size); institutional and infrastructural factors (market access variables, access to extension advice, membership in farmer-based organizations or cooperatives, and market prices of the technology); and, lastly, environmental factors, which in our case included the regional dummy variable.
Fertilizer Use Intensity
To analyze the factors associated with fertilizer use and use intensity or application rate, we fitted the Cragg's double-hurdle model. This model is suited to the corner solution associated with fertilizer use intensity (see Burke 2009 Burke , 2012 . We assume that the farmer's decision to use fertilizer or not use fertilizer comes first, followed by the decision on how much to use. The structure of the double-hurdle model used in this paper is as follows:
where FertU i = 1 if > 0, otherwise FertU i = 0, and
where FertQ i = if > 0 and FertU i = 1, otherwise FertQ i = 0. The subscript i refers to the ith farmer, FertU i is the observable discrete decision to use fertilizer or not, and is the latent (unobservable) variable of FertU i . is an unobserved, latent variable for fertilizer quantity used, while FertQ i is the observed quantity used. and are vectors of explanatory variables assumed to be exogenous in the fertilizer use and fertilizer use intensity equations, and and are parameters to be estimated imposing the conditional independence for the latent variable's distribution. Thus, conditional on X, there is no correlation between the disturbances from the fertilizer use ( ) and fertilizer use intensity ( ) equations.
Econometric Considerations
The estimation of Equation (11) involves a number of problems that many studies in literature choose to ignore but that could lead to biased yield response estimates. First, farm inputs such as fertilizer and seed are unlikely to be random because farmers can control input use. Input decisions are unlikely to be independent of land quality, so input demand is partly determined by crop yield and is hence endogenous.
9 Ignoring this would result in our estimates being biased because of the simultaneity bias and omitted variable problem. To deal with this issue, we estimate our model using the instrumental variable approach. The Hausman Wu test was used to test for exogeneity of fertilizer and seed type variables (a dummy for modern variety and a continuous variable for the seeding rate in kilograms per hectare). We use input prices, wealth indicators, and market access variables as instruments. Also, due to the various models involved in estimating the first-stage input choice models (probit model for modern variety, censored regression for fertilizer use and use intensity, and continuous variables regression for yield), we modeled both input choice models and the yield model with a multistage and multiequation conditional mixed process that allows mixing of these models in multiequation systems (see Roodman 2011) .
The second problem is more difficult to deal with because we do not have panel data to control for the unobserved heterogeneity caused by omitted variables such as plot-level land quality variables and even farmers' ability and skills. For example, Marenya and Barret (2009a, 2000b) and Matsomoto and Yamano (2010) show that soil carbon content has an effect on demand for fertilizer, and omitting such a key variable would result in biased yield response estimates. Unlike a few recent rigorous studies that used panel data, we are not able to adequately deal with the unobserved heterogeneity problem because we possess only cross-sectional data (see Burke 2012; Matsumoto and Yamano 2010; Xu et al. 2009 ). Nevertheless, this remains a problem for most studies using survey data instead of agronomic experiments. To minimize the problem, we included some variables as proxies of soil quality, including the farmers' perception of soil quality before fertilizer application, average community-level soil type, fallow history, and contemporary use of organic manure and other soil fertility management practices.
Data
This paper uses cross-sectional data from a survey of 630 maize farmers in 30 districts in nine regions in Ghana implemented from November 2012 to February 2013 by the Crops Research Institute, Savannah Agricultural Research Institute (SARI), and IFPRI. The survey used a three-stage, clustered, and randomized sampling procedure. First, a proportional probability sampling of districts was carried out, giving more weight to districts with higher maize production, and the final list of sample districts was created in a randomized procedure. That was followed by a random selection of enumeration areas (EAs) in each of the sample districts using the same classifications and boundaries as the census and the Ghana Living Standards Survey. And finally, a random selection of farmers was made in each of the sample EAs.
Thirty districts were selected based on the list of maize-producing districts (districts with more than 3,000 ha of maize production, 2009-2011 average). The sampling frame represents 92 percent of total hectare planted with maize in Ghana during 2009 Ghana during -2011 . Proportional probability sampling was used to select the sample districts (that is, districts with a larger production area of maize were given a higher probability of being selected). The selected districts represent 40 percent of the total maize production area (and 39 percent of the total production in tons and 37 percent of total acreage) in Ghana in 2009 Ghana in -2011 . For each sample district, three EAs were randomly selected, and seven farmers were randomly selected from the sample villages (stratified by gender). A maize farmer was defined as one who managed and decided on a maize plot during the major season of 2012 (with a minimum of 0.5 acres, or 0.2 ha, of maize area). A list of all maize farmers in sample EAs was compiled, including both female and male farmers and large, medium, and small farmers. The list was arranged by gender and plot size (that is, gender and plot size were used for implied stratification in the sampling process). The total sample is 630 maize farmers, of which 78 percent are male and 22 percent are female. Fifteen farmers reported cultivating and managing two maize plots; therefore, the dataset includes 645 maize plots that are used for analysis. More details about the data can be found in Ragasa et al. (2013a Ragasa et al. ( , 2013b .
RESULTS
This section presents the results of our analysis of fertilizer use and maize productivity in Ghana. First, we describe the main features of fertilizer and other improved maize input use behavior in Ghana and report bivariate relationships among the main variables of interest before moving to the econometric findings. Second, we turn to maize yield response and profitability before discussing the determinants of adoption of fertilizer and improved seed in the last section of the results.
Descriptive Analysis
Fertilizer Use and Location
Figure 4.1 shows that on average, 45 percent of farmers growing maize used fertilizer on their plots, with 38 percent using compound fertilizer (NPK 15-15-15) as a basal or first application and 35 percent using sulfate of ammonia as side dressing.
10 These percentages of fertilizer use observed in our data are much higher than those recorded in the 1990s (see Morris, Tripp, and Dankyi 1998) The northern savannah zone tops all the other zones in terms of use, with more than 80 percent of the farmers using fertilizer on their maize plots, followed by the transitional zone, then the coastal savannah zone, and finally the forest zone, where fewer than 20 percent of the farmers used fertilizer. 10 The use of sulfate of ammonia or urea is very small in the sample (2.8 percent, or 5.3 percent among fertilizer users) and is hence omitted from 
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In terms of overall fertilizer use intensity, Table 4 .1 shows that on average maize farmers use about 110 kg/ha of compound fertilizer, or 20 kg of nitrogen and 10 kg of phosphorous. However, the intensity doubles if we consider only fertilizer users. Even among users the amount used per hectare is less than half the broad recommendation of 240 kg of NPK and 240 kg of sulfate of ammonia per hectare. However, there are regional differences in terms of fertilizer use intensity. The fertilizer use intensity is highest for farmers in the northern savannah zone, followed by the transition zone, and the lowest fertilizer use intensity is found in the coastal savannah zone, followed by the forest zone. These results may not be surprising because the northern savannah has less fertile soils than the other zones, which is probably the main reason we see higher fertilizer usage in this zone (FAO 2005; Kombiok, Buah, and Sogbedji 2012) . Even with the fertilizer subsidy of approximately 40-50 percent, fertilizer application rates are still lower than the MoFA/CSIR recommendation of 90 kilograms of nitrogen per hectare for continuously cropped plots. There is no systematic information available to show whether fertilizer use is profitable in Ghana at the subsidized rate. In a study on a sample of 201 maize plots in four districts in three regions (Upper West, Northern, and Brong Ahafo), Akramov and Malek (2012) find that average maize production systems are only profitable with the 30-50 percent subsidy and not without subsidy, if family labor is valued and accounted for in the cost. Using two simplistic maize farm budgets with and without fertilizer, Benin et al. (2011) provide some indication that plots with fertilizer have positive profits while plots without fertilizer have losses. However, both studies used the average yield difference between adopters and nonadopters of fertilizer in their datasets, and the yield response to fertilizer and improved seed variety has not yet been tested empirically and rigorously. We attempt to fill this gap at the end of this paper by using the marginal product of fertilizer derived from the yield response models below to examine fertilizer profitability at the current subsidized and market prices.
Farmer Characteristics and Fertilizer Use
The variables age and household size are correlated with fertilizer use decisions. Nonusers are on average four years older than users, but users have two more household members compared to nonusers (Table  4 .2). There are almost equal numbers of females within fertilizer users and nonusers, and among users the proportion of females using fertilizer is 20 percent. Also, there is a slightly higher percentage of farmers who indicated that they had received extension advice on growing crops and management practices among fertilizer users-30 percent, versus 22 percent for nonusers.
Irrespective of whether a farmer uses fertilizer or not, we do not find any differences for any of the income and income sources variables (proportion of income from food crops, lagged HCI and proportion of income from off-farm activities). 
Fertilizer Use, Agronomic Practices, and Yield
In terms of improved and complementary technology adoption, the bivariate results in Table 4 .3 show high complementarity of inputs and improved practices with fertilizer use. Generally, we find that the percentage of farmers using improved technology is much higher among fertilizer users-for example, we find that 47 percent of farmers who used fertilizer also used a tractor to plow their maize field, compared to 8 percent among nonusers; 70 percent of fertilizer users also used a modern seed variety versus 53 percent of nonusers, and 78 percent of fertilizer users practiced row planting versus 42 percent for nonusers. On average, fertilizer users produce 27 percent more output per hectare than non-fertilizer users: 1,420 kg/ha compared to 1,041 kg/ha (Table 4. 3). However, the value of crop production among users is double that of nonusers, meaning that on average, fertilizer users achieve a higher yield per hectare and hence have more to sell. Although on average we do not seem to see any differences in the household crop commercialization index, we conclude that fertilizer users would be better off because they produce more per hectare and sell more quantity in absolute terms. After controlling for seed type, among modern variety users, fertilizer users have significantly higher yield than non-fertilizer users. Hybrid seed users have significantly higher yields than users of OPVs. All hybrid seed users apply fertilizer. Among OPV growers, fertilizer users have higher yields than non-fertilizer users. Similarly, among traditional variety users, fertilizer users have significantly higher yields than non-fertilizer users. Among monocropped plots, plots with fertilizer have significantly higher yields than plots without fertilizer. There is no significant difference in yield with or without fertilizer among intercropped plots.
Econometric Results
Maize Yield Response
The yield response model results are presented in Table 4 .4. We controlled for the potentially artificially lower yield due to intercropping by including a dummy variable for intercropping and seeding rate. We modeled seed and variety variables along with fertilizer application as endogenous inputs, but since there are only a few hybrid seed growers in our sample, we could not model hybrid seed adoption. In order not to distort the yield level of modern varieties, we also excluded farmers growing hybrid seed in our yield response model. We estimated four different yield response models based on the type of seed and variety variables included in the estimation as follows: Model A includes modern variety as one of the explanatory variables; Model B has an interaction term of modern variety and quantity of fertilizer application added to Model A, allowing us to examine the differential impacts on yield of fertilizer use intensity between modern varieties and traditional varieties; Model C, in which instead of including a single variable capturing modern variety as in Model A, we split the variable into two binary variables, (1) farmers using newly purchased and certified seed of a modern variety, and (2) recycled or uncertified seed of a modern variety, with seed of a traditional variety as the reference group; and Model D, which includes the interaction terms for the two binary seed variables introduced in Model C. (November 2012 -February 2013 . Notes: kg/ha = kilograms per hectare; mm = millimeters; FBO = farmer-based organization. Standard errors in parentheses; *, **, *** indicates that the corresponding coefficients are significant at the 10%, 5% and 1% level respectively.
The results in Table 4 .4 show that the quantity of nitrogen used and its squared term, modern variety, herbicide use, row planting, the northern savannah zone dummy, and the total number of family labor hours used in the maize plot have a significant influence on maize yield. Also, the interaction terms between the quantity of nitrogen used and modern variety are statistically significant, suggesting differential impacts of fertilizer on yield or differentiated nitrogen use efficiency by type of seed variety used.
The following are the factors affecting maize yield response.
Nitrogen
Nitrogen is significant in explaining differences in yield across maize plots. One kilogram of additional fertilizer results in 22 kg of additional yield per hectare on average. This is consistent with earlier estimates in Ghana and in other countries in SSA. Heisey and Mwangi (1996) reported maize response to nitrogen for Ghana to be between 0 and 35 kg for every additional kilogram of nitrogen nutrients per hectare, bearing in mind the diminishing returns with excessive application. The yield response rate to fertilizer application is decreasing, and it peaks at 251 kg of nitrogen per hectare (Figure 4. 2), at which point the yield starts to decline for every additional kilogram of nitrogen. The current recommendation is just slightly more than a third of this threshold (90 kg of nitrogen per hectare), suggesting that there is still ample room for increased use intensity. 
Modern Varieties
The use of modern varieties explains differences in yield. Plots planted with seeds of a modern variety have more than a half-ton greater yield (572 kg) per hectare than those planted with traditional varieties (Model A). However, we obtain somewhat counterintuitive results when we interact modern variety and nitrogen use (Model B). The results show a negative sign for the interaction term of modern variety and nitrogen. This means that the yield response rate to fertilizer application decreases faster with modern varieties than with traditional varieties, although at a slow rate. This further means that on average, significantly higher yields are obtained with higher levels of nitrogen (until the peak) combined with a modern variety. As more nitrogen is applied, the yield advantage of a modern variety over a traditional variety diminishes, although at a slow rate.
Certified Seed
The coefficients on both newly purchased certified seed of a modern variety and other recycled uncertified seed of a modern variety are positive and statistically significant, and therefore their yields are higher than yields of seed of traditional varieties (Model C). This is consistent with the results of Models A and B that modern varieties (certified and uncertified seed) have higher yields than traditional varieties. The yield response difference between newly purchased certified seed and uncertified seed (both of a modern variety) is very small (2.4 kg/ha), suggesting that there is no yield difference between certified and uncertified seed of modern varieties. This may be a reflection on the quality of certified seed and the credibility of the certification system. Similar to the results in Model B, the interaction between uncertified seed of modern varieties and quantity of nitrogen used is negative and statistically significant, suggesting that the yield response rate to fertilizer decreases faster with uncertified seeds of modern varieties compared with traditional varieties and with certified seeds. The yield response rates of fertilizer are the same with certified seeds and seeds of traditional varieties for any level of fertilizer application. These results are similar to the results in Models A and B that on average, significantly higher yields are obtained with higher levels of nitrogen (until the peak) combined with a modern variety. As more nitrogen is applied, the yield advantage of uncertified seed of a modern variety over a traditional variety diminishes, but the yield advantage of certified seeds over seeds of traditional varieties stays the same for any level of fertilizer application.
Row Planting
A priori one would expect the use of row planting to have a positive impact on maize yield, but our results show that there is a significant yield difference between farmers planting in rows and those not, and the coefficient on this variable is negative and statistically significant. Thus, farmers whose plots were row planted harvest 178 kilograms/ha less than those who do not. At first this is surprising because planting in rows is a cheap technology that if combined with other crop management practices may have a positive effect on yield, as articulated by CSIR and MoFA. However, according to key informants, row planting alone does not guarantee higher yields; what matters is the correct plant density and spacing and number of seeds per hill, depending on the result of a germination test (personal communication, Robert Tripp, seed systems expert).
Hired Labor
The coefficient on the total family labor per hectare is positive and statistically significant. Thus, an increase in family or communal labor hours per hectare results in more output per hectare-for example, increasing the total family labor time by 10 hours/ha results in 12 kg more maize yield. A search of literature in Ghana on why we find such a result did not yield much except for one study by Akramov and Malek (2012) that shows a positive correlation between productivity and use of family labor. Thus, the researchers find that more profit-efficient farmers had higher yields for maize, rice, and soybean, and they used more family labor than hired labor. Also, Chapoto, Mabiso, and Bonsu (2013) , in a qualitative study of farm commercialization in Ghana, found that medium-and large-scale farmers, because of their market-oriented production system, relied heavily on hired labor but preferred to directly supervise the hired labor or had their family members commingled with the hired labor to supervise farming activities considered to be critical for achieving high production levels, such as planting and fertilizer application. So our results seem to suggest that there may be very high monitoring costs for hired labor, but as farm size increases the principal-agent problem cannot be avoided, as the farmers must rely more on hired labor.
Herbicide
The only other inputs that are significant and exhibit the expected sign are green or animal manure and herbicide. Farmers using herbicides for weed control before or after planting harvest approximately 178 kg more maize per hectare compared to those farmers using other methods, including manual weeding (Table 4 .4, Model A). These results are consistent with the descriptive findings, where we find a significantly higher average yield for plots with herbicide compared to those without herbicide. Also, the results support the CSIR and MoFA push for farmers to use herbicides before planting.
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Animal Manure
Plots treated with animal manure produced 387-417 kg more output per hectare compared to those without manure. Despite a seemingly impressive positive impact of manure on yield, ceteris paribus, it is important to note that there is very limited adoption of this practice in Ghana. Despite the continued promotion of manure use by CSIR and MoFA, only 3 percent of the maize area in our sample was treated with animal manure. Even though farmers indicated their willingness to use manure, the supply would never be available to meet the demand, and hence the focus on inorganic fertilizers (Ragasa et al. 2013a ).
Spatial Differences
After controlling for all the factors that are hypothesized to influence maize yield response, we find that there are spatial variations between the northern savannah and southern zones when it comes to productivity of maize. Plots in the north have a yield that is 874 to 977 kg/ha lower than those in the south. This may be due to the difference in soil fertility and rainfall patterns between north and south Ghana, with poor soils and erratic rainfall in the northern part of Ghana causing the lower yield. Looking at the interaction term, the yield response rate to fertilizer use intensity does not seem to be different between plots in the north and in the south. This means that whether the plot is in the north or south, the yield response rate to 1 kilogram of additional nitrogen is 22 kg/ha for any level of nitrogen application.
Profitability of Fertilizer Use
Following Crawford and Kelly (2002), we computed VCRs to assess the profitability of fertilizer use in our sample, given the general fertilizer application rate recommendation for maize at both the subsidized and market fertilizer prices. In calculating the VCR, we considered only the price of fertilizer without including the transportation costs because we did not have data on how much it cost the farmer to transport fertilizer from the point of purchase to the farm. However, this cost is considered to be very small because with the pan-territorial fertilizer pricing policy, the major transport cost is borne by the government, and fertilizer is brought closer to the farmers at zero cost to them.
We estimated VCRs for seven scenarios: the average (whole sample), a comparison between the northern savannah and southern Ghana (transitional, coastal savannah, and forest zones) (scenario 2 versus 3), a comparison between modern and traditional varieties in the northern savannah (scenario 4 versus 5), and a comparison between modern and traditional varieties in southern Ghana (scenario 6 versus 7). The results are presented in Table 4 .5. If we assume that a VCR greater than 1.25 is a necessary condition for the farmer to use fertilizer in relatively higher production risk environments, such as Ghana, the results in Table 4 .5 suggest that in general, at the current yield response rates, it is profitable to use fertilizer on maize across the sample, on average, with or without subsidy. Even if we assume a VCR greater than 2.00, which is necessary in very high-risk environments, the results suggest that fertilizer is still profitable, on average, with or without subsidy.
Going back to the theory of profit maximization and assuming that markets are perfect, optimal fertilizer use is given by the VMPP being equal to fertilizer price. Comparing the point at which these are equal with the actual fertilizer application rates in Ghana provides us with the opportunity to check how close fertilizer use in the country is to optimal fertilizer use based on the estimated yield response. Figures  4.3-4 .5 show these relationships.
Two main findings are discernible from these graphs. Figure 4 .3 shows that there is an opportunity to increase nitrogen use in Ghana as the current use of 40 kg/ha is far below the optimal use of about 251 kg/ha based on our estimated yield response. Also, Figures 4.4 and 4 .5 show that farmers in the south use more fertilizer than farmers in the north, but still far less than optimal levels. Relating these findings to the VCRs computed in Table 4 .5, it is vexing to note that fertilizer use intensity and yields have remained low in Ghana, even when our results show that at the estimated maize yield response, fertilizer use is very profitable even for farmers paying market price for fertilizer. These finding suggests that other constraints rather than fertilizer prices affect fertilizer use in Ghana. Further research is required to help policymakers understand what these constraints are. In the following sections, we model the fertilizer and modern variety adoption decisions of farmers to help explain these constraints. 
Factors Affecting Fertilizer and Modern Variety Adoption
Despite the higher productivity and profitability of fertilizer and modern seed variety adoption, only 45 percent of farmers apply fertilizer and 61 percent plant a modern variety (and only 2 percent of farmers plant a hybrid seed variety). This section examines the factors associated with the adoption of fertilizer and modern varieties using joint estimation models of modern variety, certified seed, and fertilizer adoption based on a simultaneous adoption decision among farmers. Overall, there seems to be a difference in the factors affecting the decisions to adopt modern varieties and fresh certified seed (Table  4 .6). The model on newly purchased certified seed adoption is relatively weak and shows only a few significant variables, namely distance from home to plot, which is positively linked with and can be a measure of soil fertility (that is, farmers often travel a longer distance to find fertile or fallowed plots); certified seed price; plot size; herbicide use; extension; and education. Small plots, those that are farther from farmers' homes, and those that are treated with herbicide are more likely to be planted with newly purchased certified seeds. Farmers visited by extension agents and who have a secondary school education or above are more likely to plant certified seeds than those who do not have visits from an extension agent. (November 2012 -February 2013 . Notes: km = kilometer; HCI = household commercialization index; GHc/kg = Ghana cedi per kilogram; FBO = farmer-based organization; CV = coefficient of variation. Z statistic in parentheses for the adoption models. *, **, *** indicates that the corresponding coefficients are significant at the 10%, 5% and 1% level respectively. + dummy variables.
Modern Variety
The following are the significant factors affecting the adoption of a modern seed variety.
Market Access
Using the distance to the nearest agro-input shop and market as the measure of market access, we find that distance has a negative and significant effect on modern variety adoption (Table 4 .6). This result is as expected, because a priori one expects that a greater distance from the input market would lessen accessibility and discourage the use of modern varieties.
Affordability
The variables used as a proxy to measure the farmer's ability to purchase fertilizer are certified seed price, fertilizer price, and lagged HCI, which is defined as the percentage of production that is sold. The degree of commercialization, measured in terms of last year's proportion of the harvest sold, has a significant and positive correlation with modern variety adoption. Farmers are more likely to adopt modern varieties if they expect to sell more. Moreover, commercialization and market potential gives both incentive to produce more through promising high-yielding varieties and more liquidity to purchase seeds of modern varieties. The price of certified seed also has a significant and negative effect on modern variety and certified seed adoption. This means that a lower price of certified seed encourages greater adoption of modern variety and certified seed among maize farmers.
Land Management and Planting Practices
Intercropped plots are less likely to be planted with modern varieties. Plots treated with herbicide, especially during land preparation, are more likely to be planted with certified seed but not modern varieties. Plots that are not tilled and are continuously cultivated are more likely to be planted with modern varieties. Plots planted in rows are more likely to be planted with modern varieties.
Access to Information
Access to extension visits has a positive and significant effect on farmers' decisions to adopt modern varieties and certified seed. Farmers who have been visited by extension agents are more likely to adopt modern varieties and to buy certified seeds.
Soil Fertility
Plots that are perceived to be more fertile are more likely to be planted with modern varieties. The distance from home to plot is used as a proxy for less monitoring ability and higher transaction costs among farmers; therefore, we would expect a negative relationship with modern variety adoption. However, interviews with farmers also suggest that some farmers often travel a greater distance seeking more suitable, fertile, and fallowed plots, so one would expect a positive relationship with modern variety adoption. Results show a significantly positive relationship between distance to plot and modern variety and certified seed use among maize farmers, implying that a majority of farmers may have been searching farther away for more suitable, fertile, and fallowed plots. However, through correlation analysis, distance to plot is negatively correlated with perceived soil fertility. Farther plots are more likely to be perceived as less fertile. Perceived soil fertility is positively correlated with fallow practice. There is no significant correlation between distance to plot and village-level average organic soil type or fallow practice. There is very weak evidence to suggest the existence of a quadratic relationship between distance to plot and adoption of modern varieties. The inclusion of a quadratic term (negative but not statistically significant) shows that modern seed adoption increases with distance to the plot up to 105 kilometers before becoming negative, but the coefficient was not statistically significant and was hence dropped from the model.
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Farmer and Labor Characteristics
Farmers using a greater proportion of hired labor are more likely to plant modern varieties than those using a smaller proportion of hired labor.
Spatial Differences
Farmers in the north are more likely to adopt a modern variety than farmers in the south, although there is no difference in certified seed use between regions in the north and south.
Fertilizer Use and Use Intensity
We discuss the results for fertilizer use and use intensity concurrently, as the models are estimated jointly by a double-hurdle model and the model variables are similar for the first tier (fertilizer use equation) and second tier (fertilizer use intensity equation). (November 2012 -February 2013 . Notes: km = kilometer; HCI = household commercialization index; GHc/kg = Ghana cedi per kilogram; FBO = farmer-based organization; CV = coefficient of variation. z statistics in Column B for discrete change of dummy variable from 0 to 1. Standard errors in columns D and F. *, **, *** indicates that the corresponding coefficients are significant at the 10%, 5% and 1% level respectively.
Market Access
Distance to the nearest agro dealer or input shop, as a proxy for market access, is not significant in the fertilize adoption model but is negative and significant in the use intensity model. In terms of adoption, distance to an agro dealer does not matter, suggesting that agro-input shops selling inorganic fertilizers are accessible to many rural areas. However, as the distance to the agro shop increases, the intensity of use goes down. Results in Table 4 .7, Colum E, show an average partial effect of -0.53 kg with an increase of distance to the agro dealer of 1 kilometer.
Affordability Factors
The variables used as a proxy to measure the farmer's ability to purchase fertilizer are certified seed price, fertilizer price; and lagged HCI, which is defined as the percentage of production that is sold. The results show that an increase in certified seed price reduces the likelihood of adoption and the use intensity of fertilizer. The coefficient on fertilizer price variable is not statistically significant for both adoption and use intensity. A higher HCI would mean greater market participation, and the farmer would likely have more financial resources to purchase fertilizer compared to the less or not commercialized farmers. The results in Table 4 .7 seem to support this assertion, as the level of commercialization is positively correlated with fertilizer adoption, but there is no difference in terms of intensity at the 10 percent level of significance. These results have very important policy implications, as the commercialization of the smallholder sector in Ghana can have positive impacts on fertilizer use and possibly on maize yields.
Crop Management Practices
Plowing and row planting have a significant effect on both fertilizer adoption and use intensity. Planting in rows makes fertilizer application easier. Also, the results show a negative impact on fertilizer use intensity for maize plots that are intercropped with other crops. Thus, farmers growing maize intercropped with less commercial or food security crops, such as cassava (the main intercrop in the data), apply less fertilizer to these plots. So one would expect a lower yield on such plots, as maize and the other crops will compete for available nutrients.
Nature of Soil Fertility
The nature and fertility of the soil in any maize plot is expected to have an influence on the farmer's decision to use fertilizer and the quantity of fertilizer used per hectare. The results show that if the farmer perceives that the soil in the maize plot is fertile or very fertile, the likelihood of that farmer using fertilizer on that plot declines, as does the quantity of fertilizer applied.
Labor and Farmer Characteristics
Younger farmers are more likely to adopt fertilizer, but no difference is seen in fertilizer application rates among farmers of different ages. Farmers using more hired labor as a proportion of total labor are more likely to adopt and more likely to apply greater amounts of fertilizer.
Spatial Differences
Farmers in the north are more likely to adopt fertilizer and to apply greater quantities.
To sum up, factors affecting modern variety adoption are accessibility of modern seed, degree of commercialization, and extension services. Factors affecting fertilizer use are degree of commercialization, complementary land preparation practices (particularly row planting and plowing), hired labor (as a proportion of total labor), geographical location (plots in the north are more likely to be fertilized), and age (younger farmers are more likely to apply fertilizer). Factors affecting fertilizer use intensity or application rate are complementary land preparation practices (particularly row planting and plowing), geographical location (plots in the north are more likely to be fertilized), and hired labor (as a proportion of total labor). The same factors affect fertilizer adoption and application rate, except age. While younger farmers are more likely to apply fertilizer, the amount of fertilizer applied by farmer adopters does not vary by age.
CONCLUSION AND POLICY IMPLICATIONS
The fertilizer subsidy, introduced in Ghana in 2008, has likely led to increased fertilizer use and use intensity among farmers (Ragasa et al. 2013a (Ragasa et al. , 2013b ), but there is limited empirical evidence on the economics of fertilizer subsidy and whether the increased fertilizer use and use intensity has contributed to increased productivity and profitability. Using cross-sectional data on 630 maize farmers and 645 maize plots in 30 districts in nine regions in Ghana, this paper provides empirical evidence on the responsiveness of yield and profitability to fertilizer use and use intensity.
Results show that there is a statistically significant maize yield response to fertilizer, as suggested by previous studies in Ghana and SSA. However, the yield response is still small (that is, 1 kg of nitrogen leads to only a 22-kg increase in yield on average). Aside from fertilizer, other inputs also have a significant effect on yield, namely modern variety, herbicide, animal manure, and family labor use. On average, significantly higher yields are obtained with greater application of fertilizer (until the peak of about 251 kg of nitrogen per hectare), and yields are even higher if combined with the use of a modern seed variety, herbicide, animal manure, and more family labor. Plots planted with modern varieties have yields that are about 570 kg/ha higher than those planted with traditional varieties, while plots fertilized with animal manure have yields that are about 400 kg higher and plots treated with herbicide have yields about 170 kg higher than plots without. Plots in the north have significantly lower yields than those in the south.
Based on the profitability analysis, fertilizer use is profitable at both subsidized and market fertilizer prices in both the north and the south. Despite subsidized prices, the actual application rate for fertilizer adopters (at 44 kg/ha on average) is far below the optimal level (at 225 kg of nitrogen per hectare, where the fertilizer price intersects the VMPP derived from the yield response model). The actual fertilizer application rate (56 kg of nitrogen per hectare in the north and 40 kg of nitrogen per hectare in the south) is far below the optimal level (where the VMPP equals the fertilizer price under the profit maximization assumption), with or without fertilizer subsidies, in both north and south. In the north, the optimal level is about 256 kg of nitrogen per hectare with the subsidized price of fertilizer, compared to an average application rate of 56 kg of nitrogen per hectare, implying a shortage of 200 kg of nitrogen per hectare to maximize profits. In the south, the optimal level is about 190 kg of nitrogen per hectare with the subsidized price of fertilizer, compared to an average application rate of 40 kg of nitrogen per hectare , implying a shortage of 150 kg of nitrogen per hectare o maximize profits. These results suggest the scope to increase fertilizer application rates in both south and north, given the yield response and profitability. Even though 87 percent of farmers in the north are applying fertilizer and the application rate is much higher in the north than in the south, application rates of farmers in the north are also much farther below the optimal level, and therefore much greater effort is needed to intensify fertilizer application in the north. There is scope to increase both fertilizer use and use intensity in southern Ghana and fertilizer use intensity in the northern savannah zone.
These results suggest limits to fertilizer subsidy as a strategy to increase fertilizer application, productivity, and income among maize farmers in Ghana. The results suggest that fertilizer prices are not the binding constraint limiting greater fertilizer application and productivity increases in maize; other factors appear to be major obstacles to greater fertilizer application and productivity increases. These factors include access to modern seed varieties, mechanization, and hired labor, which would need to be improved to help increase fertilizer use intensity in both the northern and southern parts of Ghana. Increased market access, commercialization, and processing options would also be needed to prevent falling maize prices and supply surpluses due to increases in production and productivity from fertilizer use. Aside from fertilizer, other factors found to positively contribute to higher yield included modern seed variety use, animal manure, herbicide, and the total number of family labor hours spent working in the maize plot. Significantly higher yields are obtained when fertilizer application is complemented by these inputs.
Our analyses suggest a number of policy implications: 1. This study finds strong evidence of the importance of modern seed varieties in increasing yield. Plots planted with modern varieties have about half a ton higher yield per hectare than those planted with traditional varieties, on average. Significantly higher yields are obtained with greater fertilizer application combined with modern variety use. However, as nitrogen application increases, the yield advantage of modern varieties over traditional varieties diminishes, although at a slow rate. The lack of a positive interaction term between nitrogen and modern varieties and therefore the limited nitrogen use efficiency of modern varieties is expected given that varietal improvement and release at CSIR has not focused on fertilizer use efficiency and has focused in the past on high yield, protein content (that is, quality protein maize), tolerance to pests and disease (mainly blight, rust, streak, and stem borers), Striga resistance, kernel type, lodging resistance, and early maturity. This means that available modern varieties do not have an advantage over traditional varieties in terms of nitrogen use efficiency. Given the decreasing fallow system and almost complete lack of adoption of soil fertility management practices and the resulting depletion of nutrients, it is crucial to start investing in more varietal research that incorporates nitrogen use efficiency in addition to the focus traits being bred at CSIR. 2. Despite the relatively small proportion of the sample maize farmers planting private-sector hybrid seed (2 percent of farmers), the yield of plots with hybrid varieties is almost twice the yield of plots with modern OPVs. On plots with fertilizer, the yield of hybrids is 60 percent higher than the yield of OPVs. The major difference between the rainfed maize production systems in Ghana, Thailand, and Mexico is hybrid seed adoption; almost all farmers in Thailand and Mexico (Chiapas) adopt hybrid seed, while almost none in Ghana do. This is likely the main reason for the lower maize productivity in Ghana compared to Thailand and Mexico. In the short run, greater promotion of the eight public-sector-released varieties can be intensified. Promotion by CSIR and MoFA has been heavily focused on Obatanpa. More farm demonstrations and other dissemination efforts can be undertaken to promote these hybrids. Promising private-sector hybrid varieties can also be encouraged. In the long run, CSIR could focus on OPVs and improved agronomic practices, especially nitrogen use efficiency, and leave the development, release, and promotion of hybrid seed to the private sector. 3. There is no evidence from this study that certified seeds of modern varieties are any better than reused seeds or those obtained from other farmers, informal markets, or other uncertified sources. In all the models estimated, the results for new certified seed, in terms of effect on yield, are not significantly different from those of uncertified seeds, as long as these seeds are of a modern variety. We also tried to break down uncertified seeds into those being recycled for up to three seasons versus those being recycled for more than three seasons (suggested as the maximum number of seasons that a farmer can recycle seed before its vigor totally collapses), but the results were not significantly different in terms of the effect on yield. This may have implications for the seed system stemming from poor quality of breeder or foundation seeds supplied or lax inspection and weak capacity at the certified seed production level. Further study is needed on the level and area in the seed system that acts as a bottleneck in producing premium seeds with greater vigor and quality than uncertified seeds. 4. There is strong evidence that yield is responsive to doses of fertilizer in both northern and southern Ghana. Fertilizer use is profitable at both subsidized and market prices in both the north and the south. These finding suggests that other constraints rather than fertilizer prices affect fertilizer application in Ghana. If these results are supported by other studies, it may be prudent to review the fertilizer subsidy policy as compared to other government programs aimed at helping raise agricultural productivity.
5.
To encourage modern variety use, strategies to improve access to seeds of modern varieties, and to improve extension services and the provision of information on modern varieties and complementary good practices, are important for increasing modern variety adoption. To encourage fertilizer use and greater intensity of use, the degree of commercialization and complementary land preparation practices (row planting and plowing) are important. Greater access to markets and increased commercialization opportunities are critical in encouraging fertilizer use and greater application rates, and therefore research on innovative processing products and marketing channels will also be an important strategy. While row planting encourages greater adoption and greater application rates of fertilizer, and therefore indirectly influences yield, row planting has a negative sign in the yield response model, showing a negative direct effect on yield. It is not clear what the net effect is, but these mixed results reflect the need for further research on this heavily promoted agronomic practice. 6. Greater fertilizer application rates will be beneficial for both north and south. Despite high fertilizer adoption and relatively higher fertilizer application rates in the north than in the south, there are wider gaps to be filled between the actual and optimal application rates in the north than in the south, and therefore there is need to intensify fertilizer application rates more in the north than in the south. Given the patterns of adoption across ecologies, there are several ways to encourage greater fertilizer application rates and complementary modern seed variety use in the north and south. Since the north has significantly lower levels of commercialization, one strategy to encourage greater fertilizer use intensity in the north would be increasing market access and commercialization and strengthening the maize processing sector. Similarly, strategies to encourage greater adoption of modern variety and hybrid seeds in the north could include increasing market access and commercialization and developing the maize processing industry; increasing the accessibility of seeds of modern varieties and hybrids; and intensifying extension services, which are much weaker in the north than in the south. In the south, given the significantly lower likelihood of plowing (a complementary practice to fertilizer adoption and use intensity to ensure yield response), intensifying mechanization could be a strategy to encourage greater adoption of fertilizer and a greater application rate. For greater modern variety and hybrid adoption in the south, more intensified extension services and promotion will be important, given that only 27 percent of survey sample farmers reported having access to extension contacts in the last two years. 7. Hired labor as a proportion of total labor is significant in explaining modern variety use and both fertilizer adoption and application rates. However, hired labor as an absolute number or as a proportion is insignificant (and has a negative sign) in the yield response models, while family labor is positive and significant in those yield response models. Fertilizer application can be labor intensive, and the use of modern varieties is positively linked to greater incentives to use more labor in farm care and in harvesting, given the higher yields. Hired labor may be required to supplement family labor when fertilizer and modern seed varieties are used. However, the results also suggest the need to monitor hired labor, and therefore more family labor is desirable and directly influences higher yields. These results suggest that availability of family labor may be a constraining factor in being able to monitor hired labor and manage the farm; at the same time, availability of hired labor may be a constraining factor in the greater intensity of fertilizer and modern seed variety adoption. A greater focus on research on laborsaving technologies to address the possible shortage of labor and improve labor productivity should be considered. Actions could include addressing constraints to greater mechanization, weed-and pest-tolerant maize varieties, and promotion of herbicide use, accompanied by education on safe handling.
